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Abstract 
 
In the ILC Beam Delivery System (BDS), simulation of beam-gas bremsstrahlung (BGB) 
and single coulomb scattering off the gas molecules was performed using TURTLE and 
GEANT3.  The resultant trajectories of the scattered particles were input to GEANT3 to 
study the effect of this type of background in the SiD vertex detector.  Based on these 
simulations, upper limits on the gas pressure along the BDS are specified. 
 
Introduction 
 
Interactions between beam particles and the residual gas in the beam pipe can produce off-energy 
particles that can strike beam line components near the detector and produce background in the 
detector.  Simulations of these processes are used to specify the vacuum requirements in the BDS.  
In this study the two most probable interactions, bremsstrahlung (eN→γeN) and single coulomb 
scattering (eN→eN), are simulated using the program Decay TURTLE [1].  A scattering point is 
picked randomly along the beam line and the scattered secondary is propagated through the 
remaining beam line until it hits an aperture or reaches the end of the beam line.  Trajectories of 
selected particles, particularly ones hitting an aperture near the IP, can be saved for later input to 
detector simulations.  In bremsstrahlung interactions both the resulting photon and off-energy 
primary particle are transported, and in coulomb interactions, the scattered beam particle retains its 
initial energy but is transported with a new trajectory. 
 
The beam-gas interactions are also simulated using GEANT3 [2].  To increase statistics, the 
simulation is made at an elevated pressure with a radiation length of 100 × 1500 m, and the resulting 
scattering rates are normalized to 10 nTorr.  
 
Scattering Rates  
 
An approximate lower limit for the residual gas pressure comes from Compton scattering on thermal 
photons [3, 4] which depends only on the beam pipe temperature and is estimated to be 1.1 
scatters/bunch in the last 1500 m of the BDS.  For beam-gas interactions the dominant processes are 
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(a) bremsstrahlung, where the beam particle is assumed to lose more than 1% of its energy, (b) 
coulomb, where the beam particle scatters from the atomic nucleus by >10 µrad and loses negligible 
energy, and (c) Moller, where the scattering occurs off an atomic electron and the beam particle can 
lose a substantial fraction of its energy.  Assuming a uniform pressure of 10 nTorr and a gas 
composition of 62% H2, 22% CO, and 16% CO2 (measured in the SLC arcs) and a length of 1500 m, 
the above three processes contribute the following average number of scatters/bunch: 2.9 
bremsstrahlung, 2.3 coulomb, and 0.3 Moller. 
 
Results and Vacuum Specification 
 
To determine the vacuum specification along the BDS, simulations of bremsstrahlung and coulomb 
single-scatters were performed with TURTLE and GEANT3.  Figure 1 shows 150 random BGB 
trajectories in the horizontal plane starting at the beginning of the betatron collimation section on the 
left and ending at the IP on the right.  Only a small fraction of these off-energy particles reach the 
final doublet (FD) protection collimator located 13 m before the IP. 
 
    
Figure 1.  A sample of 150 random beam-gas bremsstrahlung trajectories in the BDS.  It is seen 
that only a small fraction of these off-energy particles reach the final doublet (FD) 
protection collimator located 13 m before the IP.  The green lines indicate collimator, 
quadrupole, and dipole apertures.  
 
 
Figure 2 shows the points of origin and energy of charged particles from bremsstrahlung which hit 
the FD protection collimator.  These are primarily beam particles which have lost a small percentage 
of their energy and are deflected away from the beam axis by the final focus soft bend strings.  It is 
seen that nearly all of this class have energies within about 10% of the beam energy and originate 
within 1000 m from the IP. 
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Figure 2.  Points of origin (a) and energies (b) of bremsstrahlung charged rays which hit the final 
doublet protection collimator.  These are primarily beam particles which have lost a 
small percentage of their energy and are deflected away from the beam axis by the 
final focus soft bend strings.  It is seen that nearly all of this class have energies 
within about 10% of the beam energy and originate within 1000 m from the IP. 
 
Figure 3 shows the points of origin and energies of photons from bremsstrahlung which hit the FD 
protection collimator.  They originate in the last 50 m and the soft bend string and have a typical 
bremsstrahlung spectrum. 
 
                      (a)       (b)    
 
 
Figure 3.  Points of origin (a) and energies (b) of bremsstrahlung photons which hit the final 
doublet protection collimator.   
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Figure 4 shows the points of origin of coulomb single-scattered beam particles which hit the FD 
protection collimator.  They all have the beam energy and originate mostly within 300 m from the 
IP. 
 
 
  
Figure 4.  Points of origin of single coulomb-scattered electrons which hit the FD protection 
collimator.   
 
Figure 5 shows the points of origin and the energies of charged particles from bremsstrahlung 
interactions which hit within the drift section +/-3.51 m of the IP.  These are the source of most of 
the detector background.  These are primarily beam particles which have lost at least 40% of their 
energy, are deflected away from the beam axis by the final focus soft bend strings, and over-focused 
by the FD. They originate in within about 200 m from the IP, a region which includes the FD, a 75 m 
drift section, and about 100 m of the soft bend string.  No bremsstrahlung photons or coulomb 
single-scatters hit within this region. 
 
    (a)       (b) 
   
  
Figure 5.  Points of origin (a) and energies (b) of bremsstrahlung interactions for those which hit 
within the drift section +/-3.51 m of the IP. 
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Figure 6 shows tracks of BGB particles which are over-focused by the incoming FD and hit 
apertures within the drift section between the incoming FD and the outgoing extraction line. 
     
 
                     
 
Figure 6.  Trajectories of charged particles which are over-focused by the incoming FD and hit 
apertures in the IP region. 
 
Table 1 gives a summary of GEANT3 and TURTLE simulations for hits per ILC bunch, relevant for 
fast detectors, and hits per 160 bunches, relevant for “slow” detectors like a time projection chamber 
(TPC).  In columns 1 and 2 (charged e± from BGB) it is seen that GEANT3 and TURTLE have good 
agreement for hits on the FD protection collimator, while for hits inside the FD and in the IP region 
GEANT3 gives approximately twice the number of hits.  Note that both TURTLE and GEANT3 are 
only counting charged particles or photons that cross the scoring areas defined in the “Hit Location” 
column.  The performance degradation in sensitive detectors (VXD, Si Tracker, TPC, ECAL, 
HCAL) due to secondary particles produced on the collimator edges, FD bore or Beam Cal were not 
explicitly a part of this study. 
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Table 1.  Summary of GEANT3 and TURTLE simulations of BGB and coulomb single-scatters 
resulting in hits on apertures in the IP region for both beams and 10 nTorr.  The upper 
(blue) entries are Hits/bunch; the lower (red) entries have been multiplied by 160. 
 
GEANT3 simulations of electromagnetic showers created by electrons with the full beam energy 
hitting the thick FD protection collimator (1st row of Table 1) and inside the FD (2nd row of Table 1) 
show that they cause little background in the detector, whereas a beam particle hitting the inner 
surface of the upstream Beam Cal, about 3 m upstream from the IP, (see Figures 5 and 6) causes 
thousands of background interactions in the vertex detector (VXD), a condition which is assumed to 
be intolerable.  Similarly, there are very few VXD hits from backscattered particles arising from the 
impact of a full energy electron in the downstream Beam Cal.  To be comparable to the luminosity 
background in the VXD from e+/e- pairs hitting the downstream Beam Cal, ~ one hundred, 250 GeV 
beam particles/bunch would need to hit the FD collimator within 10 microns of the edge. 
 
The bottom row of Table 1 shows that 2-4% of the bunch crossings are accompanied by a BGB hit 
within the IP region for 10 nTorr pressure.  Assuming for now the worst case that every BGB 
produced interaction in the IP region produces enough secondaries to make the VXD useless for 
physics on that bunch crossing, 2-4% corresponds to the luminosity lost to physics.  Using presumed 
luminosity loss as the metric, we therefore recommend, considering the origin of BGB hits on 
apertures in the IP region (Figure 5a), that the pressure specification in the BDS be 1 nTorr out to 
200 m, which would bring the luminosity loss down a corresponding factor of 10 to 0.2-0.4%.  
Similarly the origin of BGB and single coulomb scattered particles hitting the FD protection 
collimator (Figures 2a, 3a and 4a) together with the non-consequence to the VXD stated in the 
paragraph above, implies that a vacuum specification of 10 nTorr is adequate from 200 to 800 m, 
after which it can be relaxed to a value presumably easy to engineer.  We suggest then that 50 nTorr 
be the vacuum specification beyond 800 m from the IP. 
 
This discussion should make it clear that integrated beam loss and detector studies need to be 
performed to solidify the level to which detectors are or are not made inoperable by the secondaries 
from lost beam particles.  Regarding the reconstruction of TPC tracks, it is difficult for the authors of 
this note to estimate the effects of high energy, near-IP hits within the TPC sensitivity time (see the 
red entries in the bottom row of Table 1).  Such a study may indicate the need for an even tighter 
vacuum specification.  
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In the extraction lines, the pressure specification is determined by backgrounds in the Compton 
polarimeter, which is located about 150 m down-beam from the IP.  Here, the signal rates are large 
enough that 50 nTorr would contribute negligible BGB background in the detectors. 
 
Within the IP region itself (between the QD0 magnets) there will be electro-production of hadrons 
caused by beam interactions with residual gas molecules.  However, the cross section for this type of 
background is small enough that the vacuum specification in the IP region is completely determined 
by the BGB process. 
 
Conclusions  
 
1. At 10 nTorr within the IP region there are 0.02–0.04 hits/bunch (3-6 hits TPC) at an average 
energy of about 100 GeV/hit originating inside 200 m from the IP.  Some of these cause 
intolerable background in the vertex detector, so to reduce this background to less than 1% per 
bunch crossing, the pressure specification inside 200 m from the IP is 1 nTorr. 
 
2. At 10 nTorr, on the FD protection collimator 13 m from the IP, there are 0.21 charged hits (33 
hits TPC) at an average charged energy of about 240 GeV/hit and 0.06 photon hits/bunch (9 hits 
TPC) at an average photon energy of about 50 GeV/hit originating inside 800 m from the IP.  
This leads to a conservative pressure specification of 10 nTorr in the BDS from 200 to 800 m. 
 
3. From a particle background standpoint, within the IP region between the QD0 quadrupoles, the 
pressure can be greater than 1 nTorr since luminosity backgrounds will be dominant in this 
region.  
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